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The development is reported of a new combination
temperature-pneumatic probe specifically to determine the
blade element performance of the rotor in a transonic com-
pressor. The design incorporates a fine wire thermocouple
sensor which provides a measure of temperature rise that
is insensitive to Mach number. With simultaneous measure-
ments from four pneumatic sensors , the velocity vector was
determined locally in radial surveys downstream of the
compressor rotor. The probe was calibrated in a free jet.
The calibration measurements were reduced to a set of
equations to allow off-line reduction of compressor measure-
ments using a Hewlett-Packard Model 9830A calculator and
peripherals. The design, development, calibration, and
application of the probe are described and initial results
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The transonic compressor rig was designed and built
by Dr. M. H. Vavra in the Turbopropulsion Laboratories
at the Naval Postgraduate School as part of an effort to
obtain a full understanding of the flow within a compressor
stage. This work was sponsored by Naval Air Systems Command,
Code 310, through the office of Dr. H. J. Mueller. The
compressor has been operated to 65 percent of design speed.
Analysis of the flow within the compressor from measure-
ments consists of a data acquisition process and a data
reduction process. A significant capability has, in recent
years, been developed at the Laboratories in both processes.
The development of data reduction equations and associated
computer programs for the transonic compressor has been,
to a large extent, the work of Dr. R. P. Shreeve [Ref. 1,2].
The results of this work have enabled computer programming
of the data reduction from probes that have interrelated
calibration equations.
The need for a better understanding of the actual
measurements from probes, that is, the data acquisition
phase of the process, was realized when it was found that
results obtained from two different "calibrated" probes in
identical flow conditions produced results which disagreed
by as much as ten percent [Ref. 3]. Methods had to be devised
for correcting the calibrations that were established for
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the two probes, and these are reported in reference 3.
Further improvements to the calibration procedures have
subsequently been made and are reported in Appendix B of
this paper.
While the previous efforts successfully produced a
method for representing the calibration and correction of
pneumatic probes, they did not attempt to solve the probe
design problems which were revealed in the process. It
was difficult to obtain accurate measurements using probes
in the transonic compressor for two reasons. First, the
size and geometry of the flow area in the compressor pro-
hibited the use of available combination probes, which had
generally been developed for larger machines. Thus, it was
not possible to obtain velocity vector and stagnation tem-
perature data from a single survey of the flow region. The
available alternatives were to make an additional survey
in order to obtain the temperature data or to assume that
the stagnation temperature was constant throughout the
flow region. The data reduction procedures set forth in
reference 3 assumed that the stagnation temperature was
constant.
A second problem involved the characteristic behavior
resulting from the design of the probes that were available
for use in the transonic compressor. The effect of the
proximity of a boundary on the indicated pressure at the
side ports on a five-hole United Sensor probe, and
13

particularly on a NASA combination probe, introduced signi-
ficant errors in the velocity measurements. These consid-
erations suggested that a new probe be designed specifically
for the transonic compressor. The requirement was for a
probe which would eliminate or reduce the magnitude of the
boundary effects, while retaining the ability of measuring
the complete velocity vector.
The development of a combination probe incorporating a
particular pneumatic sensor geometry, a reduction in size,
and a thermocouple sensor for temperature measurements is
reported in this paper. The development aspects of the
probe are presented in Sections III and IV. The fabrication
of a fine wire thermocouple sensor for the probe is detailed
in Appendix A. (This section is intended to serve as a
manual for the fabrication and replacement of similar
thermocouple sensors.) Computer reduction of probe survey
measurements, including the development of the equations
required to calibrate flow measurements, are described
fully in Section IV and Appendix C. Preliminary results
from measurements made downstream of the rotor of the
transonic compressor are presented in Section V.
14

II. THE TRANSONIC COMPRESSOR
A. DESCRIPTION
A schematic of the transonic compressor test rig is
shown in Fig. 1. The test rig consists of an air-turbine
drive unit and induction section containing a filter, a
throttle, a settling chamber, and a flow measuring nozzle.
The air turbine is designed to deliver 450 horsepower at
30,000 RPM with a relative blade tip mach number of 1.5.
The compressor flow rate is controlled by a rotating
throttle plate (Fig. 1) . The inlet of the transonic
compressor is designed to contract and to rapidly accelerate
the flow in order to generate near uniform conditions, with
thin boundary layers, at the rotor face [Ref. 4]. Figure
2 shows the probe mounting arrangement and the layout of
the compressor assembly.
Because of efforts directed to developing and installing
new instrumentation, and improvements in the compressor
hardware for tests at high speeds, the rig was not run for
a period of eighteen months . A close examination of the
rotor was made prior to the resumption of test rig opera-
tions. The examination revealed what appeared to be deter-
iorating surfaces on the leading edges and the initial flow
impact areas on the pressure side of the rotor blades.
Nicks and pits on the blade surfaces accompanied by a
deposition of whitish material covering small surface flaws
15

were also detected. Since the rotor had acquired only 120
hours of operating time at speeds up to 65 percent of
design, the condition of the rotor required some remedial
action.
A complete metallurgical analysis was made on the rotor
at the Naval Air Rework Facility, NAS North Island in October
1975. No hairline cracks were detected on the blade sur-
faces . The rotor was shot-peened and protectively coated
to prevent similar deterioration in the future.
B. INSTRUMENTATION
The transonic compressor is equipped with stationary
probes to measure routine performance data. The case was
modified to provide for other probe mountings which will
obtain temperature and unsteady flow pressure data. A
series of Kiel probes was installed at the stator exit to
obtain peripheral impact pressure data. A new honeycomb
flow straightener (Fig. 2) was installed to allow a measure-
ment of torque. The flow rates produced as a result of the
honeycomb installation were not significantly different from
those that were obtained without the flow straightener
installed.
The combination probe mounting arrangement is shown in
Fig. 2. Radial surveys were made by manually positioning
the probe using a traverse unit. An automatic, remotely
controlled traverse unit, designed by Lt. D. D. Patton
[Ref. 5], will be adapted to the combination probe in future
16

measurements. Peripheral surveys of the flow were made by
manually rotating the outer casing of the compressor assem-
bly. All pressures were measured by a calibrated trans-
ducer in a scanivalve arrangement.
C. ROTOR PERFORMANCE DETERMINATION USING A COMBINATION PROBE
It is necessary to determine the radial distributions
of the flow velocity and angle in order to establish the
operating condition and determine the blade element perfor-
mance. By placing a probe in the flow upstream of the rotor
at or near design speeds, the possibility arises that wakes
in the flow might induce vibrations in the highly stressed
rotor blades . Therefore computations of performance data
at these speeds must be based on data obtained at lower
speeds. A description of the tests that were made to
determine the flow conditions ahead of the rotor at low
speeds is presented in Section III of Ref. 3.
The procedures for determining flow conditions downstream
of the rotor from probe measurements are given in Section
IV of Ref. 3. The only difference in the present work was
that stagnation temperature data were recorded on paper
tape with the pneumatic data.
The program entitled TCR Reduction (Station 2) [Ref.
3], was modified to incorporate a Mach number calculation
for each point in the flow based on the stagnation tempera-
tures that were measured. The program accepted data from
the mass memory platter (peripheral part of HP 9830A
17

calculator system) . The paper tape data were therefore
entered and transferred to the mass memory before the data
reduction program was run. Following reduction, the reduced
data were stored on the mass memory platter. Finally, the
reduced data were recalled from the mass memory and





A drawing of the combination probe is shown in Fig.
3. The probe consists of four pressure ports which are
labelled PI, P2, P3, and P4 (Fig. 3) and a thermocouple
sensor which senses a measure of stagnation temperature.
The temperature sensor is located 90 mils (0.090 inches)
below the pneumatic port where impact pressure (Pi) is
measured. The probe separates at a point three inches from
the sensor tip (Fig. 4) . This feature permits the removal
and installation of thermocouple sensors from the 0.050
inch O.D. protection tube which houses the sensor. The
connector at the upper end of the probe (Figs. 3,4) pro-
vides a disconnect feature to remove unnecessary wiring if
only pneumatic measurements are required in a specific
survey. Figure 5 shows enlarged views of the pressure ports
and the section that is immersed in the flow region.
B. PNEUMATIC SENSOR DESIGN
Reference 2 states that in principle a multiple sensor
pneumatic probe can be calibrated to determine the velocity
vector in an unknown flow so long as the measurements taken
for a given set of flow conditions are repeatable. It was
also shown as a result of an analysis of boundary and inter-
ference effects [Ref. 2] that these effects can be greatly
reduced if the probe sensors are located forward of the
19

cylindrical body of the probe. The size of the flow region,
and the probe mounting arrangement on the transonic com-
pressor, previously would not allow the use of a wedge or
similar probe to measure static pressure in the compressor,
to confirm the correction procedure.
Based on these considerations the primary design re-
quirements for the new combination probe were to reduce
the size of the probe as much as possible and eliminate or
reduce the boundary and interference effects.
Factors limiting the size reduction of the sensor were
the strength and probable response of available materials.
It was determined that 32 mil stainless steel tubing would
meet the durability and size requirement, while continuing
to provide acceptable response times to pressure changes.
The size of the stem and the protrusion of the sensors
was physically restricted to a circular area j inch in
diameter. The probe was to be designed to use the "null-
reading" method of determining the flow angle. This requires
that the probe be oriented to a position where the same
pressure is recorded at two side-port sensing holes (P2=P3)
.
For a "null-reading" arrangement a sensor geometry is chosen
which will produce a pressure response with angle change
that is as close to linear as possible. Also, the pressure
of the side ports should be lower than the impact pressure
by an amount close to the dynamic pressure. Figures 6 and
7 show the results of the tests conducted on 32 mil tubing
20

to determine the pressure response to pitch and yaw angle
changes. From these results it was determined that a 55°
bend in the side-port (P2 and P3) and pitch angle (P4)
pneumatic stems would meet design requirements and provide
negligible interference effects.
A test apparatus (Fig. 8) was set up to determine if
the probe characteristics would provide a usable set of
calibration curves. Some of the results of the initial
runs are shown in Figs. 9, 10, and 11. The tests determined
the probe performance as a function of Mach number (velocity
for this test) and pitch angle. The probe pressures were
measured at nine different velocities (Fig. 9) . At each
velocity the pitch angle was varied, using the mechanism
described in Appendix B, by rotating the probe from -30
to +35 degrees in increments of 5 degrees, keeping the tip
at a point in the center of the free jet.
The initial results were good. The impact pressure
(Pi) agreed with the impact pressure measured by a Prandtl
pitot probe except at pitch angles greater than ± 25
degrees. At these large angles, an interference between
the sensors is likely to occur. The results of the measure-
ments (P1-P23) and (P1-P4) plotted against pitch angle for
the nine velocities are shown in Figs. 9 and 10. Fig. 11
shows the combination probe calibration function Beta,
which is derived in Section IV, as a function of pitch
angle, for each of the nine velocities.
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The range of pitch angle to be expected in the transonic
compressor is less than ± 20 degrees. The initial calibra-
tion pressure measurements using the combination probe
(Figs. 9, 10, 11) clearly showed well behaved smooth curves
that could be approximated analytically to allow the
reduction of data from the transonic compressor. Section
IV describes the probe calibration procedure and results.
C. THERMOCOUPLE SENSOR DESIGN
1. Background
In incompressible flow, the temperature is considered
to be constant throughout the field, and it can be measured
sufficiently accurately by means of a sensor sufficiently
immersed in the flow. In compressible flow, however, the
temperature varies considerably throughout the field; it
becomes necessary to distinguish between the temperature
which would be recorded by a sensor moving with the fluid
(static temperature) and the temperature attained when the
fluid is brought to rest adiabatically (stagnation tempera-
ture) . To measure stagnation temperature it is necessary
to bring the fluid to rest and provide some means of
measuring the temperature at the stagnation point. A
well-designed thermocouple sensor can provide good stagna-
tion temperature measurements . Venting of the thermocouple
head is sometimes required, and provision must be made to
reduce heat losses by conduction and radiation. Shields
are often used in many applications but such devices can
also be the source of significant heat losses.
9?

At all speeds, calibration is necessary. The
characteristics of the instrument can be conveniently






where T is the free stream static temperature, T is the
temperature recorded by the thermocouple, and T. is the
stagnation temperature. A recovery factor of 1.0 is
optimum. As reported in Ref. 6, the major difficulty in
using standard probe designs is that the recovery factor
depends on Reynolds Number, Mach number, and total tem-
perature in certain ranges of parameters. The study re-
ported in Ref. 6 determined that recovery factors near 1.0
could be attained by simply miniaturizing an unshielded
thermocouple probe. In particular, it was found that the
thermocouple wire must be very small relative to the size
of the stagnation region in which the thermocouple is
immersed. The study also indicated that a concave tip for
the sensor might provide a more effective stagnation region
over a range of flow angles.
Stagnation temperatures in the transonic compressor
are low; consequently conduction losses are the largest
potential source of error. This suggested that the swage
type of thermocouple construction be avoided in the design
of the sensor. The use of a glassy nonconductive insulator




In summary then, the main requirements for the
thermocouple sensor design were:
1. The size of the thermocouple and wire should be small.
2. The probe should be unshielded.
3. A geometry creating a large stagnation region relative
to the wire size over a wide range of pitch angles
should be determined.
4. A nonconducting, insulating material which could be
machined to a specific geometry should be used.
Based on the above requirements, the components
chosen for the thermocouple sensor were a 1 mil fine-wire
chromel-constantan thermocouple (good performance qualities
in the low temperature range, and durable) and a 32 mil,
two-hole alumina insulator. Two basic geometries were
tested. The characteristics and test results of each
design are reported in the following two parts of this
Section.
2. Initial Design and Test Results
Figure 12 shows a schematic of the initial thermo-
couple probe geometry. Figure 13 shows the geometry of the
50 mil protection tube which housed the thermocouple sensor
as a part of the combination probe.
Doubts were expressed regarding the suitability of
this design from its inception. Fabrication and testing
were carried out, however, because the design was simple




A test was conducted using two temperature probes
of this design to determine the sensitivity of one of them
to pitch angle and Mach number in a free jet. The test
apparatus is shown in Fig. 8. The results of this test
(Fig. 14) clearly indicated the sensitivity of the design
to both pitch angle and Mach number.
These characteristics were unacceptable, although
the data indicated that at a pitch angle of just -15° the
geometry was such that a temperature measurement which was
insensitive to Mach number could be achieved. The results
suggested that a stagnation region did not exist around the
thermocouple sensor except in a very limited set of condi-
tions. It was suspected that the bleed hole on the aft
side of the protection tube (Fig. 13) was too large, although
subsequent tests with the hole plugged were inconclusive.
The sides of the 5G mil tube encasing the sensor were sus-
pected to have introduced large heat conduction losses at
pitch angles greater than -10° relative to the flow because
of their proximity to the thermocouple head.
3. Final Design and Test Results
The results of the initial thermocouple design
indicated that a stagnation region probably did not exist
around the thermocouple head except at a pitch angle near
-15°. Also, the metal tubing that housed the insulator was
suspected of introducing conductive heat losses which varied
with both Mach number and pitch angle. The final thermo-
couple design attempted to overcome these problems by making
25

the following changes. First, a small notch was made in
the insulator to produce a stagnation region that would be
more insensitive to pitch angle changes in the flow (Figs.
15, 16) . The concave notch follows the suggestion made in
reference 6. Secondly, the stainless steel tubing supporting
the insulator was machined to significantly reduce the
amount of metal that could absorb, and conduct away, heat
from the flow in the region of the temperature measurement
(Figs. 5, 15)
.
The resulting geometry of the sensor is shown in
Fig. 15. This design provides poorer protection from mis-
handling than the initial design (Fig. 12) . However, the
durability of the sensor itself in the flow was found to
be excellent. No failures have been experienced while
testing, but care must be taken when storing the probe and
attaching it to test apparatus.
A test to determine the sensitivity of the probe
to pitch angle and Mach number was conducted so that a
comparison could be made between the first and second probe
geometries. The results of the test are shown in Fig. 17.
A comparison of these data with the data shown in Fig. 14
shows considerable improvement in the performance of the
second design.
The primary application of the probe is for condi-
tions where the pitch angle varies from to +20 degrees.
Figure 17 shows little or no pitch angle effect on the probe
26

for this range of pitch angles, and the effect of Mach
number has been greatly reduced from that of the first
design. The Mach number effects that do exist were
accounted for in the calibration of the sensor.
The above results indicated that the second design
could be calibrated to provide an accurate measure of total
temperature for the probe at pitch angles from to +20
degrees and for Mach numbers from to 1.0. The calibration
of the thermocouple sensor is described in Section IV.




IV. PROBE CALIBRATION TEST RESULTS
A. METHOD OF APPROACH
The limited axial space available for instrumentation
in most turbomachinery flow passages severely limits the
types and sizes of probes which can be used. The combina-
tion probe was designed to be used for surveys between the
rotor and the stator of the transonic compressor (Fig. 2)
.
The probe, when calibrated, measures flow velocity, yaw
angle, pitch angle, and total temperature. The method of
calibration presented here is based on the method given in
Appendix A of Ref. 3.
The probe calibration data were obtained in tests using
the free jet (4.2 inch diameter) nozzle described in Appendix
B. The data were reduced to polynomial expressions which
represented the pitch angle, flow velocity, and total tem-
perature that was measured by the probe. In application,
the polynomial expressions are used to reduce the pressures
and voltage registered by the probe to values for the pitch
angle, velocity, and total temperature.
It is important to note that the calibration for the
combination probe was carried out only in the free jet.
It is recommended that further measurements be made in the
straight annulus and swirl annulus (Appendix B) to determine
the wall effects, immersion effects, and blockage effects
of the probe on the free jet calibration results. The free
28

jet calibration of the combination probe was carried out
for a range of pitch angles between and +20 degrees and
a range of Mach numbers between and 1.0. This variation
in parameters spanned the range of conditions that have
been determined to exist in the flow passages of the
transonic compressor to date.
B. THE PNEUMATIC CALIBRATION
The readings of the probe depend on flow Mach number.
It is more convenient, however, to non-dimensionalize the
velocity using the "limiting" velocity, V
fc
= (2C T ) *'
(for a perfect gas) . Use of the limiting velocity is
discussed in Appendix A of Ref. 1. The non-dimensionalized
velocity is given by
X = (V/Vt ) (1)
where V. = 109.62 (T) ' ft/sec. for air when the stagnation
temperature T is in °R. References 1 and 2 give the




= 1 - X
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The relationship between Mach number and X is given by
X = ((y-1)/2)M2/(1+( Y-1)/2)M2 ) (3)
The calibration of the pneumatic part of the combination
probe can be represented in the form of two functions of
Mach number (or X) and pitch angle
<J>. Define
Beta = 8(X,<J>) = (P1-P23)/P1 (4)
and
Gamma = y(X,<J>) = (P1-P4) / (P1-P23) (5)
to be the required calibration functions, where it is
understood that the probe pressures are taken when P2 = P3.
To calibrate, the probe was placed in the flow at a
known pitch angle and the true impact pressure was measured
by a reference probe. The true static pressure was taken
to be atmospheric pressure since data were obtained from
the free jet apparatus shown in Fig. 8. Data were taken for
eleven pitch angles (-20°, -16°, -12°, -8°, -4°, 0°, 4°,
8°, 12°, 16°, 20°) at the nine Mach numbers (or X's) given
in Fig. 18.
The value of X was obtained from true static and stag-
nation pressures using Eq. (2) giving, for the case where
the static pressure is atmospheric,
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where Pa = atmospheric pressure, and Pr = reference
(true) stagnation pressure. The value of X was calculated
from Eq. (6) and the values of 3 and y from Eq. (4) and
Eq. (5).
The data were plotted in graphical form as follows:
3 vs. <j> for constant X
y vs. if for constant X
X vs. 3 for constant <}>
The data points were fit by a fifth order polynomial curve
using the Hewlett-Packard 9830A calculator and X-Y plotter.
The plot and polynomial curve fits for each set of data are
shown in Figs. 18, 19, and 20. The polynomial curve fit
for each set of data points gave six coefficients for each
curve. Thus for each y vs. <j> plot (Fig. 19) the six coeffi-
cients A0, Al, ..., A5 were calculated for the polynomial
expression for y as a function of $:




+ A4$ 4 + A5<f) 5 (7)
at each value of X.
The same procedure was applied to the X vs. 3 data




X = BO + B13 + B26 2 + B33 3 + B43 4 + B53 5 (8)
The curves developed in Fig. 18 were not in a form that
could be used as a calibration. From Fig. 19 nine expressions
for y (Ec3» (7)) were obtained (one for each value of X)
and from Fig. 20 eleven expressions for X (Eq. (8)) were
obtained (one for each value of $)
.
A further reduction was necessary to develop a single
polynomial expression for y and a single polynomial expression
for X. The two complete expressions would represent an
analytical approximation of the calibration data from which
X and phi could be obtained by iteration when 3 and y were
known from measurements
.
To obtain a manageable number of coefficients, the
following reduction was made. The coefficients derived
from the curves in Fig. 19 were plotted against each X
as follows:
A0(I) vs. X(I) 9 points
A1(I) vs. X(I) 9 points
A5(I) vs. X(I) 9 points
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Al = aj + a^X + a^X2 + a^X3 (9)
A3 = a3 + a 3X + a 3X2 + a 3X3
which resulted from a third order polynomial curve fit as
shown in Fig. 21. (Or, equivalently, fifth order in which
the coefficients of the fourth and fifth order terms became
zero.)
The coefficients from Fig. 20 were plotted against each
BO vs. 4> 11 points




giving values for the coefficients of a third order















Bl = bj + bj* + b^ 2 + b^ 3 (10)
B3 = b3 + b 3 <}> + b 3 <j> 2 + b 3
<J>
3
(Equivalently, the fourth and fifth order coefficients
became zero.)
The curves represented by Eq. (10) are shown in Figs
22, 23, 24, 25, 26, 27. With the A0 , Al, A2, ..., A5
coefficients written as in Eq. (9) the equation for y
becomes










X5 ) + (11)




+ a^X3 + ajx4 + a^X5 )^ + ...




+ a^X3 + a^X4 + a^X5 )(j)
5
Similarly with the coefficients BO, Bl, B2, ..., B5, written


















(bj + bj<|> + b^ 2 + b 3 4,
3
+ b^ 4 + b^ 5 ) + ...
... + (bg + b^<j> + b
2 <t,
2
+ b^ 3 + b^ 4 + bg<|) 5 )e 5
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This procedure resulted in a single equation (Eq. (11))
for y in which the coefficients were analytic functions of
X, and a single equation for X (Eq. (12)) in which the
coefficients were analytic functions of <j>. The coefficients
for these expressions are given in Tables 1 and 2. The
equations and coefficients were programmed into a general
reduction program entitled REPROO
.
The calibration data from which the coefficients were
derived were fed into the program and X and
<J> were calcu-
lated. The curves that are represented by Eqs . (11) and
(12) with the coefficients given in Tables 1 and 2 are
plotted with the data points in Fig. 28.
The results show good accuracy for values of X from
to 0.30 at all pitch angles and for values of X from
to 0.38 at pitch angles from -4 to +20 degrees. Within
these limits the calculation of phi was made to within
0.5 degrees of the actual value in all but six instances.
X was calculated using Eq. (11) and Eq. (12) and the values
compared with the actual values of X. These results are
shown in Table 3. In most cases the error was less than
one percent.
In an additional test a survey was made of the free
jet using the combination probe. This allowed an additional
determination of the accuracy of X with data other than the
data which were used to develop the calibration. Fig. 29
shows a comparison of the velocity profiles calculated
from impact pressure and atmospheric static pressure, with
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the profile derived from an application of the probe
calibration to the probe measurement. Table 2 gives an
error comparison for these data. The results show dis-
agreement as large as 2.95 percent between the two velocity
profiles. A comparison with the results from Table 3
indicated that an error of less than one percent was expected,
The reason for the disagreement is not known. Since the
data were recorded in different runs, a small leak in the
measuring apparatus might have developed, and therefore
the measurements must be repeated. This problem is discussed
in Section V.
C. THE THERMOCOUPLE CALIBRATION
The thermocouple was calibrated in an oil bath with
reference to the reference thermocouple probe in an ice
bath to establish accurately the relationship between the
known temperature difference and the thermoelectric voltage
produced by the 1 mil chromel-constantan thermocouples.
Data points were collected in the temperature range from
32 - 200 °F. The data were plotted, approximated by a
polynomial and compared with the calibration data supplied
by the thermocouple manufacturer. Figure 30 shows the data
points with a second order curve fit by polynomial regression.
The temperature coefficients A0 , Al, and A2 obtained are
shown in Fig. 30.
The calibration curve established a relationship between
the probe temperature in °F (T ) and the thermoelectric
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voltage in millivolts, (V) , in the form
T = AO + A1V + A2V"
P
(13)
In the transonic compressor, the reference stagnation
temperature (T. Q ) is measured in the flow upstream of the
rotor as shown below. V, is a measure of the emf generated
between T Q and the thermocouple sensor in millivolts.
Since T.q is known from a separate iron-constantan thermo-
couple probe interpolation of Fig. 30 using Eq. (13) gives
a value for the thermoelectric voltage (V^) corresponding







Define V as the thermoelectric voltage that represents
P







+ vlp < 14 >
Since V, is measured and V, is known from Eq. (13) , then
V and thus T is determined.
P P
The probe temperature (T ) for a given stagnation
temperature (T ) was found to depend slightly on Mach
number. The recovery factor was defined (Section III.C.)
r = (T - T)/(T. - T) (15)
P t













Since the recovery factor depends on X, the probe
calibration data were plotted to establish the probe error
in the form
Ft




= CO + C1X + C2X2 (16)
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Eq. (16) gives a value for the correction to be applied to
the probe measurement as a function of Mach number in the
form of a polynomial expression. To obtain the coefficients
in Eq. (16), the recovery factor ( (Tt - T ) /T ) measured
in the calibration tests was plotted vs. X for all pitch
angles and for eight Mach numbers (Fig. 31) . The calibra-
tion data for values of $ from to 20° were used. This
was representative of the range of pitch angles seen by the
probe in the transonic compressor. An average value for
the recovery factor at each Mach number was calculated for
this range of $ and plotted vs. X (Fig. 32) . The values
were then approximated by a second order polynomial so
that the coefficients in Eq. (16) were evaluated.
A subroutine DODGE9 was developed and incorporated into
the first compressor reduction program REPROl to determine
the probe temp (T )- from measurements of T Q and V, using
Eq. (13) and Eq. (14) . A second subroutine was incorporated
in the second compressor reduction program REPR02 to calcu-
late the stagnation temperature (T ) from the probe tempera-
ture and the measured value of X using Eq. (16) . From T
fc
and T , the non-dimensional temperature rise across the
rotor (T - Tt0 )/Tt0 was calculated and plotted.
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V. APPLICATION IN THE TRANSONIC COMPRESSOR
The new combination probe and the United Sensor Cor-
poration probe which was used for the study reported in
Ref. 3, were mounted on the transonic compressor to perform
radial surveys at the exit of the rotor. The two probes
were displaced 120°
,
peripherally. In compressor, tests
at two speeds (50 percent and 65 percent of design speed)
,
the probes were simultaneously traversed radially inwards
in increments of 0.1 inches. At each point, the two probes
were rotated to balance the side port pressures and the yaw
angle and linear displacement were recorded. Also, all
probe pressures, thermocouple differential voltage, and
compressor reference data were automatically recorded by
the steady-state data system [Ref. 4] on paper tape. Pres-
sures were measured to an accuracy of 0.1 inches of water
using a Scanivalve referenced to atmospheric pressure. The
combination probe data were reduced using the pneumatic and
thermocouple calibrations described in Section IV, using
computer programs listed in Appendix C. The results were
plotted using the programs developed in Ref. 3, and are
compared with data previously obtained from a NASA combina-
tion probe at similar compressor conditions in Figs. 33-36.
The data obtained from the 5-hole probe were not reduced,
however, Fig. 18 and Fig. 20 of Ref. 3 show data from the
5-hole probe obtained at similar compressor conditions.
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The following observations are made as a preliminary
appraisal of the results shown in Figs. 33-36.
1. The stagnation temperature rise measured by the new
combination probe agrees extremely well with the earlier
measurements using the NASA probe. It should be noted
here that the NASA probe was not independently calibrated.
A standard calibration for this type of probe was used.
The differences at the higher speed (Fig. 35) can be
explained by the difference in the flow rate for the two
tests.
2. The total pressure rise measured by the combination probe
is larger than was previously measured by the NASA probe,
and the amount of the difference increases with speed.
3. The results for temperature rise and pressure rise combine
to give negative values for the rotor loss coefficient
shown in Fig. 34 and Fig. 36. The loss coefficient (£)
is defined here as £ = 1 - ri , where n is the thermo-
dynamic efficiency) . If the temperature rise is correct,
it appears that the total pressure rise is too high. A
preliminary conclusion is that the construction of the
probe from straight tubing leads to a different behavior
in the periodic flow from the rotor; but this must be
confirmed.
4. The differences in the yaw angle measurements of the two
probes is seen to be almost constant from hub to tip.
It is possible that there was an error in mounting the
combination probe with respect to the angle scale. The
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larger difference at the higher speed might again result
from the difference in flow rate for the two tests.
In comparing the distributions of Mach number, it should
be noted that the combination probe data were not cor-
rected for boundary effects. Indeed, no investigation
has yet been made of the effects of boundaries on the
calibration of the probe. The NASA probe data shown in
Figs. 18 and 20 of Ref. 3 were corrected for boundary
effects. After the corrections were applied, the dis-
tributions of Mach number from the NASA and 5-hole
probes agreed well over the outer half of the radial
distribution. The Mach number from the combination
probe is lower in this region. It is possible that some
correction might be necessary to the combination probe
free-flow calibration for application in the compressor
passage [Ref. 2] . It is noted however that there were
differences between the present tests and the tests
reported in Ref. 3 in how the surveys were conducted,
and in the total probe blockage present during the
survey. A comparison with the 5-hole probe data taken
in the present tests should resolve this question.
The distribution of Mach number over the inner half
of the radial distribution agrees well in both shape
and magnitude with the 5-hole probe results given in
Figs. 18 and 20 of Ref. 3. In Ref. 3 it was noted
that the 5-hole probe and NASA probe disagreed in this
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region. It was also noted that the radial distribution
of static pressure derived from the probe measurements
tended to the value measured at the hub wall for the
5-hole probe, but not for the NASA probe. Thus the
combination probe measurements, and the wall static
pressure measurements are in good agreement over the




The preliminary results from the application of the
combination probe in the transonic compressor were encour-
aging. These results were discussed in Section V. A more
complete assessment will be made when the data taken from
the 5-hole probe are reduced.
Further calibration tests should be made in order to
improve the present pneumatic calibration and to obtain
corrections to the calibration from measurements in the
straight annulus and in the swirl annulus. A goal for the
pneumatic calibration of the probe is an accuracy in the
measurement of X to within 0.2 percent of the actual value
and a measurement of
<J>
to within . 5 percent of the actual
value
.
The results of the free-jet survey, when reduced using
the probe calibration (Fig. 29, Table 4) , disagreed with the
expected velocities by as much as 2.96 percent. Since the
probe was disconnected from the free jet apparatus between
the calibration test and the free- jet survey (Dodge Survey
#3) , the possibility of an undetected leak in either test
can not be ignored. It is recommended that the free jet
survey be repeated. If the disagreement is repeated, then
the calibration must be improved.
To improve the present calibration two steps should be
taken. First, repeat the steps that were taken to obtain
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the coefficients that were derived from the plots of X
vs. $. The coefficients are shown plotted as functions of
<t>
in Figs. 22-27. The third order curve fit that was made
for these points smoothed the scatter in the actual values
which were derived from data. If a review of the steps to
obtain these coefficients produces no change, then a second
set of calibration data should be obtained and reduced for
conditions comparable to the initial set. This may provide
a more accurate determination of the coefficients, which
would then change the final coefficients for Eqs. (11) and
(12) . It is important to note that only very small changes
in the values of the final coefficients can significantly
affect the accuracy of the calibration.
The calibration of the thermocouple sensor provided an
accurate measure of total temperature at the probe. The
present calibration contains a small but measurable Mach
number effect that is shown in Fig. 17. It is recommended
that a "2~niil chromel-constantan thermocouple be installed
in the probe when the present sensor (1-mil thermocouple)
is replaced. This change will effectively double the size
of the stagnation region surrounding the thermocouple sensor
The result should be a reduction in the Mach number and
pitch angle effects that are present in the current probe
design.
In conclusion, the combination probe reported here is
a significant advance over the NASA probe in the specific
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application for which it was developed:
(i) It is more slender, causing less blockage
(ii) It provides a measure of the pitch angle
(iii) The temperature measurement is less
sensitive to Mach number
(iv) The thermocouple sensor can readily be
repaired.
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Fabrication of the Thermocouple Sensor
A.l Introduction
Much knowledge and experience was gained from the
development and application of the combination probe. In
particular, the refinement of a fabrication procedure which
would allow for the duplication of the thermocouple sensor
installed in the combination probe is most important. It
is the purpose of this Appendix to outline a time-tested
procedure, using a limited number of tools, that will permit
the fabrication of a nearly identical thermocouple sensor
to that installed in the combination probe. The following
sections outline a step-by-step procedure for the prepara-
tion and wiring of the insulator to meet this objective.
A few important words of wisdom might be interjected
at this point before construction of a thermocouple is
commenced. One may initially believe that with a good eye
and a steady hand, success is assured. These are commen-
dable assets but success can be attained without them.
Extremely high levels of concentration can develop at cer-
tain points in the fabrication process. The following
suggestions may appear trivial but they are far and away
the most important ingredients to the successful development
of a small fine wire thermocouple sensor.
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First and most importantly, find a quiet undisturbed
location with no distractions and good lighting to do the
work. Even small drafts in a room can significantly com-
pound the problem of feeding fine wires into the insulator.
Secondly, relax. Do not attempt to work if it is
felt that rushing to get the job done is necessary. It
will only result in frustration and a considerable waste
of time.
Finally, maintain a positive attitude. Certain parts
of this procedure are difficult, particularly when attempted
for the first time. Do not continue on with a technique
if it does not work the first few times that it is attempted,
It is a fact that all the mistakes that could have been
made in the fabrication of this sensor have been made. It
is unnecessary to spend considerable time proving that they
can be made again.
A. 2 Equipment and Materials
Sophisticated equipment will no doubt enhance the
quality of the product. The fabrication of the fine wire
thermocouple in this report was completed with tools that
are readily available in most workshops and laboratories.
The possible exceptions might be the first two pieces of
equipment listed below.
A. 2.1 Equipment
1. High speed, 30 mil thick diamond cutting
wheel. This device cuts the notch in the
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insulator that will ultimately seat the
thermocouple
.
2. Spotwelder. A 1065 Unitek 20-100 watt/sec
spotwelder was used to weld the 1 mil to
the 2 and 5 mil wires.
3. 4. OX power magnifying device. This is an
invaluable aid which is used at nearly every
stage in the fabrication process.
4. Tweezers (2 pair). A pointed pair is
necessary to work in small areas and a
cosmetic pair is suitable for gripping and
pulling wires.
5. Scissors.
6. Needles. Sewing needles work perfectly for
centering and bending wires; applying coatings
7. Hot air blowing device. This is used to heat
the "shrink-fit" material that supports the
5-mil wiring on the internal probe shaft
arrangement
.
A. 2. 2 Materials
1. 32 mil mullite, 2-hole insulator.
2. 1 mil chromel-constantan thermcouple and wire.
3. 2 mil stiff bare wire (chromel was available)
.
4. 5 mil insulated chromel and constantan wire.
5. 1/16 to 1/4 inch O.D. shrink-fit material.
6. Nonconductive, pliable cement (G-S Hypo-Tube




7. Liquid insulator (Urathane Seal Coat Electric
insulator by CRC Chemicals was used)
.
A. 3 Fabrication of Insulator Notch
The following procedure outlines a method to machine
the insulator to accomodate a small notch that is 30-35
mils in length on one side of the insulator (Fig. A.l)
.
1. Insert a selected insulator into the housing tube
on the combination probe to insure that it fits.
Tolerance limits on the outer diameter of Omega
mullite insulators were a problem.
2. Make a small plastic jig (Fig. A. 2) to firmly
support the insulator while the notch is being made.
3. Support the jig (with insulator) on the diamond
cutting apparatus. It is desired to make the notch
as near the end of the insulator as possible,
although it was found that the end of the insulator
would break if at least a 50 mil space did not
exist between the notch and the end of the
insulator (Fig. A. 2)
.
4. The notch should be made until both holes in the
insulator are exposed. Do not remove more than a
j mil thickness per cut in the insulator since the
chances of its breaking increase rapidly as the




5. The product should look like the notched insulator
shown in Fig. A.l. Mr. Glenn Middleton, in the
Department of Aeronautics at the Naval Postgraduate
School, is familiar with this procedure.
A. 4 Fabrication of the Sensor
1. Insert the notched insulator back into the housing
tube on the probe and locate it exactly where it
will be in the final installation.
2
.
Mark the insulator with a felt-tip pen about
-j
inch outside the threaded part of the probe shaft
(Fig. A.3(a)). Remove the insulator and center
the mark between the thumb and forefinger of each
hand. A firm but gentle snap will break the
insulator to the desired length (Fig. A.3(b)).
3. Stretch a 6-8 inch length of 2 mil (chromel) wire
and cut off the turned or twisted ends so that a
straight piece of wire at least 5 inches long
remains
.
4. Take the wire between the thumb and forefinger and
gently, steadily feed the wire into one of the
holes in the insulator (Fig. A. 4). Do not use
tweezers to feed the wire since kinks will occur
making the wire impossible to feed through the
length of the insulator. If a kink occurs, begin
again at step 3.
90

5. When the wire is fed through the entire length of
the insulator, twist the end of the wire at the
notched end of the insulator as shown in Fig. A. 5 (a)
The pointed tweezers work well here.
6. Pull the wire back through the insulator until
the end of the wire just disappears inside the end
of the insulator. Then support the insulator under
the magnifying device. While viewing the notched
section under the magnifier, pull the wire gently
until the end of the wire appears in the notch.
If the end of the wire does not immediately pop up
out of the hole, then take tweezers and gently move
the wire back and forth in the notch until it
pops up. If the wire still does not pop up or is
pulled too far past the notch, then remove the wire
and begin again at step 3.
7. When the end of the wire has popped up in the notch
(Fig. A.5(b)), use a sewing needle to bend the wire
so that it sticks straight up out of the notch
(Fig. A. 5(c)). Pointed tweezers may then be used
to pull the wire out of the hole about 1.5 inches.
With scissors, cut off the end of the wire that was
twisted leaving about 1 inch of straigth wire
protruding from the notch.
8. Repeat steps 3-7 for the second wire.
9
.
Wrap the thermocouple wire around the protruding
2 mil wire as shown in Fig. A. 6 (a) . Spotweld the
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two wires together. Unwrap the free end of the 1
mil thermocouple wire from the 2 mil wire to the
first weld. With tweezers bend the 1 mil wire back
and forth until it breaks at the weld (Fig. A. 6(b)).
This will eliminate the possibility of having to
force a loose end of wire through the notch.
10. Support the notched section under the magnifier.
Then, feed the welded section back through the notch
using a needle to guide the initial weld into the
hole. Once the initial part of the welded section
has passed by the notched area, the remainder of
the double-wired section should then easily pull
through the insulator.
11. When the lead end of the thermocouple wire has
been pulled completely through the insulator, tag
the wire with a piece of tape to identify the wire
as positive or negative.
12. Repeat steps 9-11 for the second wire.
13. With the insulator supported under the magnifying
device, gently pull on each thermocouple wire until
the thermocouple is properly seated in the center
of the notch (Fig. A.l) . Once seated, tug the two
thermocouple wires gently (in unison) to form the
thermocouple head and wire to the notch geometry.
Then, after insuring that the wires are not crossed
at the end of the insulator, apply a small dab of
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nonconductive cement to the holes as shown in
Fig. A. 7 to hold the thermocouple in place.
14. Cut two pieces of 5 mil insulated wire, one chromel
and the other constantan. Bare about one inch of
the end of each wire. Then, using the same proce-
dure outlined in Step 9, wrap the 1 mil thermo-
couple wire around the 5 mil wire and spotweld in
several places. Do not attempt to wrap the 5 mil
wire so that it makes contact with the end of the
insulator. Leave a space about 1/8 - 1/4 inch as
shown in Fig. A. 8.
15. After the spotwelding is completed, remove any
excess thermocouple wire by the bending procedure
suggested in Step 9.
16. Apply several coats of liquid insulator to these
bare wire sections. After allowing the freshly
insulated sections to dry, the sensor may be
installed in the probe.
17
.
When the insulator is properly located in the
thermocouple sensor housing tube, apply cement to
the insulator at the point where it exits the tube.
This is near the threaded junction (Fig. A. 3(a)).
18. Use the shrink-fit material to hold the 5 mil
wires and pressure tubes together along the length
of the internal shaft. Be careful not to overheat




19. Attachment of the outer shaft assembly of the
probe and wiring the connector will complete the
thermocouple sensor fabrication. The combination
probe will be ready for use after 24-48 hours of
drying time.
A. 4.1 Spotwelding
The Unitek spotwelder that was used for this
work had no calibrated pressure setting; only an adjustable
screw was installed. The power output of the instrument
was set at 1.2 watts/sec for most of the welds and the
pressure screw was adjusted by trial and error until a good
weld was obtained without breaking the 1 mil wire. Peecher
in Ref . 7 recommended the following welder settings if a
pressure adjustment (calibrated) was installed:
pressure = .2
power = 1.2 watts/sec
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Improvements to the Probe Calibration Apparatus
B.l Introduction
A desirable goal is to develop a general calibration
procedure whereby a complete set of calibration curves may
be obtained for any probe that will be used for flow measure-
ments. The first step in the calibration of a probe is to
obtain a measure of its performance in a known uniform
flow. The free jet apparatus at the Turbopropulsion
Laboratory provides such a flow. The apparatus, which is
fed by a high pressure air supply, consists of a plenum and
a ten inch supply pipe to which a nozzle is attached
(Fig. B.l) . Flow straighteners are installed in the pipe
to ensure that the flow is everywhere axial. Currently,
there are two nozzles (7 inch and 4.2 inch) available to
provide flow velocities that range from zero to supersonic
speeds. Only the 4.2 inch nozzle can be choked since the
air supply is limited to about 11 lbs. per sec. at 3
atmospheres pressure.
The application of the probes is generally to determine
the flow in an annulus. A straight annulus has been
designed to match in size the annulus in the transonic
compressor. In this apparatus the wall effects can be
measured in conjunction with stem and interference effects
that are introduced when the probe is immersed in a
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contained flow. From these measurements corrections to the
free-flow calibration of the probe can be derived, which
can be applied to transonic compressor flow field measurements
Figure B.2 shows the straight annulus at the Turbopropulsion
Laboratory.
In order to more nearly duplicate the type of flow in
the transonic compressor, a swirl annulus was recently
developed. Turning vanes were installed in the entrance
to the annulus to turn the flow from axial to provide a
controlled swirling flow representative of the flow conditions
in the transonic compressor. The swirl annulus is shown in
Fig. B.3.
Changes and improvements that have been made to the free
jet and swirl annulus are described in the following sections.
B.2 Probe Mounting Box
For the calibration of the penumatic five-hole probe
which was reported in Ref . 3 the probe was inserted through
the wall of a ten inch pipe that contained a free jet.
Calibration by this method introduced a small error, and no
correction was made for static pressure varying across the
flow. The development of a probe mounting box overcame
this problem by allowing a probe to be mounted in a fully
free jet at a point where the static pressure was truly
atmospheric. This eliminated the requirement for a Prandtl
probe measurement of static pressure.
The mounting box was constructed of available aluminum
stock material. The box can be directly attached downstream
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of either the 4.2 or the 7 inch diameter nozzle, with an
adapter plate. Provisions have been made which allow for
a traverse unit and/or a pitch angle survey mount to be
directly attached to the mounting box. A splitter plate
may also be supported by the box and aligned with the center
of the flow for probe-boundary interference studies. Probes
may be mounted on each side of the mounting box. Measurements
can be made at the nozzle exit, or inside the nozzle if the
probe has an extended tip. Figure B.4 shows front and side
views of the mounting box attached to the ten inch pipe
with the seven inch nozzle installed.
B. 3 Pitch Angle Survey Mount
The object of the data reduction from surveys in the
transonic compressor is to reduce the probe measurements to
values of Mach number and pitch angle. For this purpose,
calibration tests must be carried out in which the Mach
number and pitch angle are known and can be varied over a
sufficient range.
Figure B.5 shows the side view of a pitch angle survey
mount which was developed to provide a means for obtaining
probe data as a function of pitch angle. In this device,
the probe can be set in the free jet to any angle up to
±40 degrees pitch. Measurements may be taken to within
1.1 diameters of the nozzle exit for a 4.2 inch nozzle and
0.75 diameters for a 7 inch nozzle. The device is mounted
on the probe mounting box described above.
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B.4 Honeycomb Section for the Swirl Annulus
The swirl annulus apparatus is shown in Fig. B.3. The
device was designed to generate a controlled swirl in an
annulus which could be used to examine the calibration of a
probe in an environment similar to that found in the transonic
compressor. Ideally, the flow field generated would have
smooth radial variations in flow angle and velocity.
Initial testing of the apparatus revealed that 60 degree
turning angles were produced by the vanes near the outer wall,
but that there was a reversal of the flow at the hub. It was
reasoned that the flow should exit axially to the uniform
room pressure and consequently an adjustable honeycomb
section was constructed from available materials. The
honeycomb section was installed inside the swirl annulus
shown in Fig. B.3. Further testing of this section is
required in order to obtain the desired test conditions.
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JTG. B4, Probe Mounting box
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The programs outlined below give a simplified, organized
method for taking raw data from the combination probe
measurements; storing the raw data on the mass memory at
the Turbopropulsion Laboratory; reducing the stored data;
producing sets of calibration coefficients for the probe;
and applying the coefficients to polynomial expressions in
general reduction programs. The programs listed were
specifically developed for application on the Hewlett-Packard
Model 9830A calculator, mass memory, and X-Y plotter.
The raw data from the combination probe measurements
was hand recorded and stored in the units of inches of










8. DT (Delta temp, in microvolts)
Transonic compressor data was automatically recorded on
paper tape (Section I) . The data and programs used for the
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calibration of the probe and data reduction are stored on
the mass memory platter entitled "Trans. Comp. Rig., Plat. #3,
Dodge0" at the Turbopropulsion Laboratory data reduction
center. A listing of the programs and data files is given
and the function of each is explained.
Computer Programs
REPRO0 - This is the general data reduction program. The
calibration coefficients are included in this
program as data statements. The program is then
utilized to reduce all probe measurements to a
set of data that is further reduced by the
programs REPR01 and REPR02
.
REPR01,2 - This program obtains reduced data from REPRO0
and further reduces it to values that describe
the flow conditions at station 2 in the Transonic
Compressor.
REPR03 - This program reduces data (from a known flow)
for the purpose of comparison with "actual" values
of X, 6, y, and Mach number. These values are
subsequently compared with the derived values of
X and $ from the program REPRO0.
PLOT10 - This program retrieves data from a given data
file and transfers the data into the calculator
memory in two arrays (POLYGA and POLYGD) . These
arrays of data can then be conveniently plotted





KEY POLYGK - This is a key program which is loaded into the
calculator in conjunction with PLOT10. The
program retrieves data from the arrays POLYGA
and POLYGD in designated numbers of data sets
and data points. It plots the data, curve
fits the data, and evaluates the coefficients
from the fitted curves.
This program is a general plotting program
which can be modified as desired to plot various
sets of derived data in the form of curves and
then plot the actual data points against these
curves for comparison (see Fig. 2 8)
.
These programs consist of various subroutines
or reduced sections of the main program REPRO0.
They can be utilized individually in the cali-
bration process to check the accuracy of coeffi-
cients or make a simple data reduction without
having to use the entire general reduction
program. Each program is appropriately titled
and it's purpose is given when it is "listed"





RAWDA1 Raw data from a probe survey is always initially
stored in this file. The "DCOPY" function is
then used to transfer this data to the next















The reduction programs REPRO0 and REPROl then
reduce the data stored in RAWDA1. The file can
then be "killed" and reopened for the next set
of raw data that requires reduction.
Data which is reduced by the programs REPRO0
and REPROl is initially stored in this file.
The "DCOPY" function is then used to transfer
the reduced data to the next available REDAT_
file for permanent storage.
These files are used to store &, y, and
temperature values and coefficients which have
been calculated from the key program POLYGK.
The data is entered into these files from the
keyboard with other values from which further
plots can be made.
These are additional files on which reduced
data from the reduction programs is stored.
The data can be retrieved at the users conven-
ience or destroyed since it is regenerated
each time a particular set of raw data is
reduced.
The programs and data files listed above form the basis
for the calibration and reduction of data obtained by the
combination probe. The only changes that may be required
when using the programs occur in the dimension statements
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which specify the size of an array and in the file
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